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Abstract: The reference measure of temperature may be embedded in appropriate unit of Cyber-Physical System. 
Whereas this measure made on the basis of fundamental constants of matter would be installed in such System, 
the latter will get an extra precision. It is shown that metrologically correct Kelvin redefinition which would be 
changed by CODATA to 2018 is insufficient to create a Temperature Standard on the basis of fundamental 
constants of matter. New approach to the mentioned Standard and firstly to the Quantum Unit of Temperature is 
developed. Copyright © 2015 IFSA Publishing, S. L. 
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1. Introduction 

 
Cyber-Physical System technologies (further - 

CPS) have to utilize the sophisticated metrology 
equipment for production lines. This involves the 
estimation of the comparability of CPS measurement 
instrument by self-verification. Development of 
portable, highly-precise devices is able to provide in-
place precision measurements. The studied quantum 
standard may be recommended firstly to apply as 
intrinsic standard; such a standard does not need 
permanently recurring measurements against the 
realization of the SI unit in order to validate its 
accuracy. Intrinsic standards are important 
instruments in disseminating accurate measurements 
in an efficient way for instance in CPS operation. 

At the end of last century there were successfully 
implemented the atomic (molecular) standards of SI 
units. As result of quantum discreteness qualities 

extend in nanosphere, for example, the ability appears 
to realize not only measuring instruments but to create 
also the standards of measurands.  

Currently temperature remains the last only value 
among seven main units of International unit system 
that is still not regulated at the atomic (molecular) and 
hence much higher level in terms of accuracy. 

 
 

2. Shortcomings 
 

New created CPSs often require self-verification of 
temperature values to ensure their quality work. The 
existing standards lose accuracy characteristics by 
several orders while uploading them to the end user 
that is actually considered a normal metrological 
practice. However, such practice cannot be deemed 
adequate for the advanced machines. So, they need the 
development of intrinsic standards of temperature that 
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could be embedded into CPSs ensuring their precision 
operation. 

 
 

3. Goal of the Work 
 
Goal of the work consists in the provision of the 

temperature support for Cyber-Physical System 
operation by the studied temperature-measuring 
instrument of a new generation, namely considering, 
after CODATA redefinition of the “Temperature”, the 
next step in creating the Quantum Unit of Temperature 
based on the fundamental constants  
of matter.  

 
 

4. Primary Thermometry and Quantum 
Units of Temperature 
 

4.1. Quantum Energetic Unit 
 

In the chain of leading metrological centers (USA, 
GB and other countries), through several years the 
intensive endeavors of elaborating and assuring the 
unit of temperature scale in the form of a quantum 
energetic unit (minimal by size a discrete value of 
energy or heat energy that can be defined, established 
and fixed by the experimenter) are carried out at the 
high methodological level [1]. The recommended by 
Ia. Mills, et al. [2] new format of unit with new 
definition is the next. The kelvin, K, is the unit of 
thermodynamic temperature; its magnitude is set by 
fixing the numerical value of the Boltzmann constant 
to be equal to exactly  
1.380 65 … ×10-23 when it is expressed in the  
unit s-2m2kgK-1, which is equal to J·K-1.  
The effect of proposed definition is that the kelvin is 
equal to the change of thermodynamic temperature 
that results in a change of thermal energy kT by  
1.380 65 … ×10-23 J/K. Then using k rather than TTPW 
to define kelvin better reflects modern practice in 
determining thermodynamic temperature directly by 
primary methods, particularly at very high and  
low temperatures. 

The unit of thermodynamic temperature, the 
kelvin, will be redefined in 2018 by fixing the value of 
the Boltzmann constant, k. The present CODATA 
recommended value of k is determined predominantly 
by acoustic gas-thermometry results. To provide a 
value of k based on different physical principles, 
purely electronic measurements were performed by 
using a Johnson noise thermometer to compare the 
thermal noise power of a 200 Ώ sensing resistor 
immersed in a triple-point-of-water cell to the noise 
power of a quantum-accurate pseudo-random noise 
waveform of nominally equal noise power. 
Measurements integrated over a bandwidth of 
550 kHz and total integration time of 33 days gave a 
measured value of k=1.3806514(48)×10-23 J/K, for 
which the relative standard uncertainty is 3.5×10-6  

and the relative offset from the CODATA 2010  
value is +1.9×10-6 [3]. 

Considering the mentioned primary methods of 
temperature determination and having determined 
Boltzmann constant with a very small error, scientists 
could develop the unit of a temperature scale due to 
the energetic/power unit, endued with a certain 
determination error. Unfortunately, these hard works, 
details of which were descript earlier in [3, Table 1 
(Summary uncertainty budget for a determination of 
Boltzmann constant by QVNS thermometry)], 
practically not eliminate the major principal 
shortcoming. It consists in the necessity to calibrate 
thermometer at TPW temperature. Other researchers 
are unable to get rid of traditional calibration and only 
replace the outdated method by the modern one.  

Nevertheless the replacement of the temperature 
measuring instruments for the energy ones will raise 
especially severe difficulties precisely in the area of 
ultralow energies gauging [4-5] that can be associated 
with minimal energy (temperature) unit. 

 
 

4.2. Classic Set of Primary Methods  
of Thermometry 

 
Primary thermometry envisages that particular 

measuring instrument concerns the concrete 
measurand (T) that can be defined by the calculating 
the gained results excluding other unknown quantities 
and applying only fundamental constants of matter as 
proportionality factors. Secondary thermometry 
develops the methods of measurement of another kind 
temperature than thermodynamic one or the methods 
using any dependence of properties on temperature, 
and then some points of received dependence are 
ascribed the certain values of thermodynamic 
temperature.  

The classic set of primary methods includes five 
methods of thermometry: noise, gas, acoustic, optical, 
and magnetic. Those methods are based on the funda-
mental physical laws whose mathematical descriptions 
comprise the thermodynamic temperature. Among 
them the gas and optical thermometry have gained 
widest application in the reproducibility of 
thermodynamic temperature. The last problem is 
particularly inherent in Nanothermometry where 
methodical errors rise when the thermal capacities or 
sizes of the thermometry-processed body and the 
thermometer become comparable [6].  

Noise method of thermometry still remains in a 
state of metrological elaboration. In the conditions of 
durable development of nanotechnology with its unre-
peatable measurements the uncertainty accumulation 
causes a substantial decrease in authenticity of 
information extracted from the received experimental 
results. From Johnson-Nyquist equation we could state 
that the concrete and precise determination of root-
mean-square voltage and hence electric power implies 
the usage of a studied object with a priori known value 
of electric resistance. At precisely defined Boltzmann 
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constant a relative instrumental error of the measured 
voltage is formed as the sum of notified values: the 
relative errors of determining object resistance and 
temperature, and also the relative error of specifying 
frequency bandwidth of measurement. It indicates the 
undoubted advantages (resistance and temperature are 
known with high accuracy) of employing the 
substance of its sensitive element in systematic noise 
studies. Recently the considered method is 
implemented as second one in addition to acoustic gas-
thermometry method aiming the determination of the 
Boltzmann constant and trying to introduce the 
metrologically obvious step in redefining the notion 
“Temperature” by CODATA.  

The noise method is increasingly applied in 
Nanothermometry [7]. Particular attention is paid to 
the investigation of 1/f γ electrical noise and especially 
to their connection with changes of entropy of studied 
thermodynamic system [8], including the nanodimen-
sional system [9]. Similar results were obtained by us 
in [10]. The deduced equation of noise thermometer 
transformation function relates the power of electric 
noise Pel with the thermodynamic temperature Т 
through the dissipation rate of entropy dS/dt: 

 

,el

dS dN
T e P

dt dT
φ= − =  (1) 

 
where е is the electron charge; N is the amount of 
charge carriers. Inside the researched substance the 
latter could be estimated by following the thermody-
namic approach. Earlier we have followed from the 
most probable physical processes in sensitive 

substance under the given conditions that: dS S

dt τ
Δ≈ − ,

 
here ΔS is the entropy changes taking place as 
consequence of a relaxation process with constant τ. 

Raman method of thermometry is a contactless 
temperature-measuring method. The measurement of 
the solid body surface temperature with taking advan-
tage of a Raman phenomenon is related to one of few 
methods of primary thermometry being realized with 
the help of a thermometer whose state equation could 
be written in an explicit form, avoiding the 
involvement of unknown constants dependable on 
temperature. The given method helps to measure the 
temperature for objects ranged from 100 nM to 
100 µM as well as within this from cryogen till mid-
high temperatures, which in addition does not demand 
calibration before measurement, could be 
distinguished. For instance, temperature 
measurements are made by exciting the quantum dots 
with a laser, to obtain their emission spectra. The 
similar application of Raman thermometer hits in 
measuring the temperature and diameter of carbon 
nanotubes. Raman thermometer in Nanothermometry 
is the thermometer which due to small diameter of the 
He-Ne or another laser of continuous action enables to 
reduce the size of a thermometring zone to tens µm 
and lesser. Raman method gives opportunity of 
electron-phonon interaction study. Wave number of 

optical phonon of Stokes component is strongly 
dependent on temperature. For example, for silicon 
monocrystal this dependence in the temperature range 

300 ... 400 K is linear: ( )1
0 0,025cm Tν − = Δ , where 

TΔ  is the change of monocrystal temperature. It 
enables to obtain more exact temperature readout at 
known temperature dependence of Raman shift 0ν . 

Raman thermometer with CNT calibration artefacts is 
characterized by high accuracy and is inherent in 
possibility of in-place self-calibration [11].  

Magnetic method of thermometry is the method 
of measuring temperatures lower than 1 К. It is based 
on the temperature dependence of magnetic 
susceptibility χ of a paramagnetic substance.  

Gas method of thermometry operates basing on 
volume expansion effect of substance. Here the 
measuring temperature changes ΔT are proportional to 
the changes of Sensitive substance volume. This 
method seems to be a separate issue that requires a 
special approach. 

Acoustic method of thermometry is not 
considered by the fact that in this article  
we study only the methods related to electron- 
phonon interaction. 

 
 

4.3. Promising Methods of Thermometry  
 
Coulomb blockade thermometer is the primary 

thermometer based on electric conductance 
characteristics of tunnel junction arrays. The 
parameter U½=5.439NkBT/e (kB is the Boltzmann 
constant), the full width at half minimum of the 
measured differential conductance dip over an array of 
N junctions together with the physical constants, 
provide the absolute temperature [12]. So, half width 
U1/2 depends only on the constants of matter and 
known parameter N that seems to be quite close to 
design of primary thermometer based on fundamental 
constants of matter. 

A typical Coulomb blockade thermometer is made 
from an array of metallic islands, connected to each 
other through a thin insulating layer. A tunnel junction 
forms between the islands, and as voltage is applied, 
electrons may tunnel across this junction. The 
tunneling rates and hence the conductance vary 
according to the charging energy of the islands as well 
as the thermal energy of the system. In order for the 
Coulomb blockade to be observable, the temperature 
has to be low enough so that the characteristic 
charging energy (the energy that is required to charge 
the junction with one elementary charge) is larger than 
the thermal energy of the charge carriers. For 
capacitances above 1 femtofarad (10−15 farad), this 
implied that temperature has to be below about 
1 kelvin. This temperature range is routinely reached 
for example by 3He refrigerators.  

Thanks to small sized quantum dots of only few 
nanometers, Coulomb blockade has been observed 
currently above liquid helium temperature, up to room 
temperature. 
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Free electron gas primary thermometer is based 
on bipolar transistor, temperature of which is extracted 
by probing its carrier energy distribution through its 
collector current, obtained under appropriate 
polarization conditions, following a rigorous 
mathematical method. The obtained temperature is 
independent of the transistor physical properties as 
current gain, structure (homo-junction or hetero-
junction), and geometrical parameters, resulting to be 
a primary thermometer. 

This assumption has been tested using off the row 
of silicon transistors at thermal equilibrium with water 
at its triple point. The obtained transistor temperature 
values involve an uncertainty of a few milli-Kelvins. 
Further free electron gas primary thermometer has 
been successfully tested in the temperature range of 
77…450 K [13].  

Remark: we are inclined to consider in this paper 
the Transistors, FETs or other micro- and 
nanodimensional electronic devices as quasi- 
dotted objects.  

Rather complicated Josephson junction noise 
thermometer is a thermometer, operation principle of 
which is built on the Josephson Effect and readouts are 
proportional to thermodynamic temperature (further - 
TT). This thermometer can be obtained by means of 
Josephson element, which contains two superconduc-
ting plates separated by a thin oxide layer. An element 
is switched in measuring circuit through a point 
contact between sharpened wire and plate of the 
superconducting substance. Charge carriers of element 
may exist as the electrons that are scattered by lattice, 
and as Cooper pairs that create the superconductivity 
effect, but are not scattered by a lattice [14]. Due to 
tunneling, electrons as well as Cooper pairs would 
flowed through oxide layer resulting in emerging a 
stationary (DC of superconductivity that not exceed 
particular value I0 can pass through the oxide layer 
without voltage drop) and a non-stationary Josephson 
Effect. The latter consists in emerging the oscillations 
at frequency 

0 0

2e
f u

h
= , where h is the Planck 

constant, while the DC voltage u0 is applied to 
Josephson element. Therefore it becomes a generator 
of sinusoidal current. Thermal noise that arises in the 
Josephson element creates the current pulsations 
resulting in monochromatic frequency blurs of signal. 
Since the thermal noise inherent in a normal 
distribution, then extend of signal frequency mode has 
a typical bypass of Gaussian curve. Half-width of the 
spectral line of thermal noise in Josephson element, 
measured by radio spectrometer, is given by the 
equation  

 

2
0

0

2
4 ( ) (1 ),B

e Ir
f k T r

h u
πΔ = +  

 
where T is the TT, r is the resistance, which shunts the 
element in measuring scheme, I is the current that 
passes through the element. 

5. Investigation in Creating the Quantum 
Unit of Temperature 
 

Temperature in nanothermometry is the statisti-
cally formed value of quantity, determined by the 
inner energy of a body of sufficient sizes for purpose 
of applying the thermodynamic consideration to this 
body. It seems to be one of the fittest terms among the 
considerable number of temperature definitions which 
try to identify temperature in nanothermometry. A 
thermodynamical notion of temperature is related to 
heat exchange between two systems. The quality of 
supplying or not to the balance among themselves 
under some predetermined conditions pertains to all 
macroscopic systems. The necessity to characterize a 
state of thermodynamic systems by some specific 
quantity becomes obvious. So, a notion 
“Thermodynamic temperature” has been introduced 
for this purpose. The objective measurement of 
temperature is possible due to the transitivity of a 
thermodynamic equilibrium. Therefore there is a 
possibility to compare the object temperatures among 
themselves without the objects’ per se contact. Current 
definition of the unit of thermodynamic temperature, 
kelvin, is based on a material artifact, namely, the 
triple-point-of-water temperature [15, p.175]. The 
latter depends on the isotopic composition, purity etc. 
and therefore is not precise value. It can be realized 
with uncertainty about 10-7. 

Temperature as a physical value that characterizes 
the inner energy of bodies is not being measured 
directly nowadays. All usable measuring instruments 
transform temperature in some other physical value 
that could be used immediately. Temperature that is 
defined by indices of a thermometer of concrete type 
is named the empirical temperature. Developing the 
apparatus of statistical physics, try to link the term 
“Temperature” with basic constants of microphysics, 
on the one hand, and threshold sizes of nanoparticles 
where this notion is still applicable, on the other hand. 
The special significance is bestowed to the definition 
of the minimal particle size where the notion “local 
temperature” could be adopted, i. e. the temperature at 
which a part of thermodynamic system remains in a 
canonical state, and the energetic distribution of 
electrons corresponds to the exponentially falling one-
parametric function. 

In the world of nanotechnology the combination of 
measuring technologies and theoretical research is 
getting more and more significant, since it concerns a 
single non-repeated measurement. So, everybody try 
to ensure himself the final measurement result by the 
next generation of Standards [2] and by introducing a 
number of metrological procedures such as self-
verification, self-validation and self-calibration [16]. 

It is discussed below the possibility of researching 
the most contemporary measure of temperature on the 
basis of fundamental constants of matter with 
involvement of the Standard of electrical resistance on 
the basis of Inverse of Conductance Quantum [17] as 
well as the Standard of voltage based on the Josephson 
junctions [12] that can produce voltage pulses with 
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time-integrated areas perfectly quantized in integer 
values of h/2e. The synthesized voltage is intrinsically 
accurate because it is exactly determined from the 
known sequence of pulses, the clock frequency, and 
fundamental physical constants.  

Thus, we consider the investigation of the 
electrical resistance value of which is based on 
Klitzing constant, and of the electrical voltage 
standard on the Josephson Effect for exact frequency-
to-voltage conversion, combined with the clock. As 
the mentioned resistance we propose to study one of 
widespread FET constructions, namely the CNTFET 
with built-in CNT [18] which has to be 
superconductive. Source and drain have to be 
manufactured from dissimilar metals that form the 
thermoelectric pair through the CNT.  
The latter, being in superconductive state, is  
inherent in resistance which corresponds to  
25812.807 557 ± 0.0040 Ohms, due to transient 
resistance of contacts. While studying the dissipation 
of electric power ( 2 2 /I R U R= ) on such an electric 
resistance in temperature measurement area: 

 

2 2 3
/ ,

2Kl Kl BE U t R I R t N k Ta= Δ = Δ =  (2) 

 
was noted that we are able to estimate the change of 

TT T, or substituting this equation by 
Q Ne

I
t t

Δ= =
Δ Δ

 

(Δt is the time period) we clarify it to: 
 

2

2 2

( ) 3
,

( ) 2 B

Ne h
t N k T

t e
Δ =

Δ  (3) 

 
when the electrical current is formed per unit time by 

N conduction electrons that transfer the energy 
3

2 Bk T
 

to the atoms of matter. From here the TT jump ΔT at 
current transmission I through superconductive CNT 
(cooling is considered to be negligible), is defined as: 
 

2 2
,

3 3B B

hN hI
T K

k t k e
Δ = =

Δ
 (4) 

 
On condition of power supply from Johnston junc-

tions array it appears an opportunity to pass a discrete 
particular number of electrons through nanotube of 
FET. Then the resulting value of the temperature 
increase of atom reduced to one  
electron that was scattered on its phonon at the  
unit time is identified as Reduced Quantum Unit  
of Temperature: 

 

[ ]

[ ]

1 .
1

11 11

2
1 .

3 .

3.19949342 10 3.2 10

t s UR
N

B

h K
T T s

k s

K

Δ →
→

− −

 Δ = = ⋅ =  

= ⋅ ≈ ⋅
, (5) 

Otherwise, the temperature increment reduced due 
to one-electron relaxation on phonon of the supercon-
ductive CNT junction with source/drain and due to 
unit time application is defined only by fundamental 
constants of matter (h and kB); it is equal to 2h·1s./3kB 
=3.2 ×10-11 K.  

Hence, the proposed in [2] figures regarding inter-
relation and inter-definition of basic SI units and the 
principles of study of the mentioned units through the 
fundamental constants of matter are modified by the 
results of the performed study (see Fig. 1 and Fig. 2). 

 
 

 
 

Fig. 1. Interrelation and inter-definition of basic SI units: 
blue arrows show the revealed relationship  

of the studied unit T with unit I,A  
(by unit V and unit R) and with unit t,s. 

 
 

 
 

Fig. 2. Principles of mentioned units study through the 
fundamental constants of matter: elimination  

of interrelation between unit m and unit T as well as the 
emergence (blue arrow) of interrelation  

between unit I,A and unit T,K. 
 
 

In such a way the Reduced Quantum Unit of 
Temperature that is independent of kind of matter 
and recommended in the creation of Temperature 
standard, can be regarded. It would be the Standard 
based on a 2 quantum effects (von Klitzing Effect and 
Josephson Effect) and, having been measured against 
the SI system of units, has a certain value with 
uncertainty determined by sum of 2 uncertainties: of 
Planck constant and of Boltzmann constant [19] which 
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together make its total relative uncertainty value that 
equals to 59.2×10-8. The last value also includes the 
relative standard uncertainty of atomic unit of time 
that is 5 orders of magnitude smaller (5.9×10-12 [19]) 
and therefore is neglected at this stage of study.  

Operating mode is as follows. The studied 
appliance is propose to supply by short (~10-3 s.) pulse 
voltage consequences, effect of which is measured at 
the 2nd stage at power absence. Measuring temperature 
with minimal methodical error is easiest with the built-
in thermocouple. It's enough at manufacturing the 
CNTFET to make source and drain from two 
dissimilar conductive metals (f.i. Ni and Cu). 
Superconductive CNT as the 3rd intermediate body 
forms a quasi junction of produced thermocouple.  

 
 

6. Conclusions 
 
1) Advances in Cyber-Physical Systems are 

impossible without the temperature gauging that 
demands the continuous development of experimental 
techniques due to progress in Thermometry and 
Nanothermometry, namely in creation of Temperature 
Standard.  

2) Expanding the set of Quantum Standards of the 
SI units towards the study of major pillars  
of the Temperature Standard on the basis of  
fundamental constants of matter, becomes possible as 
a result of emerged opportunities of unique electronic 
devices, in particular Resistance Standard (on the basis 
of Inverse of Conductance Quantum) and Voltage 
Standard (on the basis of Josephson junctions array) 
combined in addition with the Cesium Frequency 
Standard. 

3) Researching the foundations of creation of the 
Quantum Unit of Temperature envisages the minimum 
value of temperature jump caused by electron relaxa-
tion on phonon as quasiparticle of atom which is the 
smallest constituent unit of ordinary matter.  

4) It is proved that the Reduced Quantum Unit of 
Temperature is determined by the electric energy 
dissipated on CNTFET contacts at passing a current, 
via ratio of h and kB. The above given RQUT is equal 
to 3.199 493 42×10-11 K with relative standard uncer-
tainty 59.2×10-8 (at one electron relaxation per  
unit time). 
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